Constraints through decaying inflaton: maximum reheating temperature by Maity, Debaprasad
Reheating constraints through decaying inflaton
Debaprasad Maity1, ∗
1Department of Physics, Indian Institute of Technology Guwahati.
Guwahati, Assam, India
(Dated: November 13, 2018)
In this paper we study the reheating constraints on inflationary models considering perturba-
tively decaying inflaton. Important difference with the existing analysis is the inclusion of explicit
decaying dynamics of inflaton during reheating. One of the important findings of our analysis is
the possible existence of maximum reheating temperature Tmaxre considering perturbative reheating
scenario. For all the models under consideration the value of this temperature turned out to be
Tmaxre ∼ 1015 GeV. Corresponding to this value of reheating temperature the duration of reheating
period assumes naturally small value, Nre ' 0.3 which indicates instantaneous reheating. Most im-
portantly, maximum reheating temperature Tmaxre also leads to a maximum values of scalar spectral
index nmaxs and inflationary e-folding number N
max
cmb in association with the observed CMB scale.
Based on our general analysis, we have studied four different inflationary models, and discuss their
predictions and constraints.
After the inflation, reheating is the most important
phase which sets the initial condition for the subsequent
standard big-bang evolution of our universe. During
this phase all the visible and invisible matter fields are
assumed to be produced through the decay of coher-
ently oscillating inflaton field. Therefore, not only in-
flaton [1] but details of its inflationary dynamics is ex-
pected to have strong influence on the dynamics of re-
heating. Cosmic Microwave Background (CMB) is cru-
cially dependent upon the background expansion starting
from the radiation phase to the present epoch. There-
fore the observed CMB scales and their horizon exit
during inflation must be correlated through reheating
phase. Reheating[2] is the integral part of the infla-
tionary paradigm. However, complicated thermalization
process erases many details of this phase. Understanding
this phase could answer many unanswered questions such
as inflationary mechanism itself, baryogenesis, origin of
dark matter etc. A model independent approach has re-
cently been adopted [3] to analyze this phase. In this ap-
proach the main idea was to parametrize the phase by an
effective equation of state (wre), and there by constrain
it by e-folding number (Nre) and the reheating temper-
ature (Tre) through the inflationary parameters. A large
class of inflationary models have been studied based on
this idea [3, 4]. Recently there are attempts to consider
the explicit decay of inflaton into the analysis [5], and
subsequently its application to specific inflationary mod-
els [6]. Constraining the reheating temperature through
decaying inflation has also be considered [7]. However,
all the analysis so far were done based on identifying ef-
fective fluid with the reheating equation of state wre, and
finally express the perturbative reheating temperature in
terms of inflaton decay constant. Therefore, the process
of decaying inflaton during reheating has not been con-
sidered explicitly in the analysis.
As has been mentioned before, our goal in the present
paper will be to study the reheating constraints consid-
ering the effect of perturbative decay of inflaton into the
dynamics of radiation and inflaton. Therefore, important
parameter of our analysis is the inflaton decay constant.
We further assume that the inflaton decays only into the
relativistic fields collectively called as radiation.
General analysis: After inflation, the inflaton
oscillates around its minimum and reheating phase
starts. Depending upon the coupling parameters, non-
perturbative reheating may occur. However, as empha-
sized before, we ignore non-perturbative reheating for the
present purpose.
We start with the following Einstein’s equation for the
cosmological scale factor and conservation of energy,
n¨re = −2n˙2re +
1− 3w
6M2P
ρφ (1)
ρ˙φ + 3n˙re(ρφ + pφ) + ρ˙rad + 4n˙reρrad = 0.
Where, ”ρ”s are the energy densities of two different com-
ponents. At any instant of time during reheating, we
parametrize the duration of reheating by e-folding num-
ber nre(t) = ln(a/ai), where ”a” is the cosmological scale
factor. During reheating if we assume the effective equa-
tion of state of the inflaton w = 〈pφ/ρφ〉 to approximately
constant, the above conservation equation turned out to
be
ρrad + ρφ = e
−4nre
(
ρiφ + (1− 3w)
∫ t
ti
ρφe
4nrednre
)
.(2)
The index ”i” stands for the initial stage of reheat-
ing, which also marks the end of inflation. At the be-
ginning of reheating we set ρrad(ti) = 0. For solving
the above set of equations, the boundary condition is
n˙re(ti) =
√
ρiφ/3M
2
p . The physical quantity of our inter-
est is the ratio of the radiation energy density and the
inflaton energy density. From eq.2, one gets
ρfrad
ρiφ
= e−4Nre − ρ
f
φ
ρiφ
+ (1− 3w)e−4Nre
∫ f
i
ρφ
ρiφ
e4nrdnre .(3)
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2Where, ”f” corresponds to the final value of radiation
density. We define total e-folding number during reheat-
ing as Nre = nre(tf ).
The main goal is to understand the relation among
inflaton’s energy density ρφ, the radiation temperature
Trad and the CMB scale k. A particular scale k going
out of the horizon during inflation will re-enter the hori-
zon during usual cosmological evolution. This fact will
provide us an important relation among different phases
as follows
ln
(
akHk
a0H0
)
= −Nk −Nre − ln
(
areHk
a0H0
)
, (4)
where, a particular scale k satisfy the relation k =
a0H0 = akHk. (are, a0), are the cosmological scale fac-
tors at the end of reheating phase and at the present
time respectively. (Nk, Hk) are the efolding number and
the Hubble parameter respectively during inflation. H0
is the present value of the Hubble constant.
The usual approach so far was to define the effective
equation of state of the total energy density during re-
heating and study its evolution. However, we consider
only the radiation part during reheating and try to under-
stand the evolution of its temperature Trad as a function
of scalar spectral index associated with CMB scale. The
reheating temperature Tre is identified with radiation
temperature Trad at thermal equilibrium between the de-
caying inflaton and the radiation. From the entropy con-
servation of thermal radiation, the relation among Trad,
and (T0, Tν0 = (4/11)
1/3T0), temperature of the CMB
photon and neutrino background at the present day re-
spectively, can be written as
greT
3
rad =
(
a0
are
)3(
2T 30 + 6
7
8
T 3ν0
)
. (5)
Using eq.(4,5), one arrives at the following well known
relation
Trad =
(
43
11gre
) 1
3
(
a0T0
k
)
Hke
−Nke−Nre = Gke−Nre .(6)
Where, gre ∼ 100 is the effective number of relativis-
tic degrees of freedom during radiation phase. In our
subsequent study we identify the cosmological scale k
as the pivot scale set by PLANCK, k/a0 = 0.05Mpc
−1
and compare our result with the corresponding estimated
scalar spectral index ns = 0.9682± 0.0062 [8].
Exactly solvable case: In order to understand the
possible existence of maximum reheating temperature,
we first consider an analytically solvable model where
the inflaton is decaying as
ρφ(t) = ρ
i
φe
−3(1+w)nree−Γnre . (7)
Γ is a dimensionless constant, which parametrizes the
decay of inflaton. This form of decay essentially modi-
fies the Hubble friction term for the dynamics of inflaton
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FIG. 1: Variation of (Nre, Trad) as a function of ns have been plot-
ted for Γ = (1.0, 0.01, 0.000001) corresponding to blue, magenta, black
curves respectively. The light blue shaded region corresponds to the
1σ bounds on ns from Planck. The brown shaded region corresponds
to the 1σ bounds of a further CMB experiment with sensitivity ±10−3
[9, 10], using the same central ns value as Planck. Temperatures below
the horizontal red line is ruled out by BBN. The deep green shaded
region is below the electroweak scale, assumed 100 GeV for reference.
during reheating. With aforementioned ansatz for the de-
caying inflaton, the solution for radiation density turned
out to be
ρfrad
ρiφ
=
Γ
Γ + 3w − 1
(
e−4Nre − e−3(1+w)Nre−ΓNre
)
.(8)
The second term in the parenthesis is quantifying the
fractional amount of inflaton energy left after the reheat-
ing process is over. Expressing ρf in term of radiation
temperature as ρfrad = pi
2(gre/30)T
4
rad, the eq.8 leads to
a maximum radiation temperature for a given Γ as
Tmaxrad =
(
30ρiφP
pi2gre
) 1
4 [
x
4
Γ+3w−1 − x 3+3w+ΓΓ+3w−1
] 1
4
, (9)
where, (x = 4/(3 + 3w + Γ), P = Γ/(Γ + 3w − 1). This
also can be clearly seen from the Fig.1 for each value of
Γ. Now from the perturbative point of view, the value
of Γ ≤ 1. However, if we naively extrapolate the above
result for large Γ most important result turned out to be
the existence of a maximum possible temperature,
lim
Γ1
Tmaxrad =
(
30ρiφ
pi2gre
) 1
4
' 2.9× 1015 GeV. (10)
And this value is numerically of the order of same as for
limiting perturbative value at Γ = 1 as shown in the fig-
ure Fig.1. Therefore, above temperature can be naturally
identified as maximum possible reheating temperature.
Considering eq.6, this also corresponds to a maximum
possible value of scalar spectra index nmaxs at that tem-
perature. Now identifying associated temperature of the
produced radiation in eq.8 with eq.6, we arrive at the
following exact expression for (Nre, Trad),
Trad = Gk
(
1− 1
P
pi2greG4k
32.5Vend
) 1
4−3(1+w)−Γ
. (11)
Nre =
1
4− 3(1 + w)− Γ ln
[
1− 1
P
pi2greG4k
32.5Vend
]
(12)
3In the fig.1, we have considered three possible values of
Γ for quadratic inflaton potential. The special value is
Γ = 1, for which the equilibrium condition between the
inflaton and the radiation can be achieved at the max-
imum temperature shown as a black dot. The max-
imum value of scalar spectral index turned out to be
nmaxs ' 0.965. This analysis motivates us to subse-
quently analyze more general cases, and we will show
that this conclusion still holds.
General case: In this section we will consider gen-
eral perturbatively decaying inflaton. For this case, we
express the decaying inflaton as
ρφ(t) = ρ
i
φe
−3(1+w)nree−γ(t−ti), (13)
Where γ is effective time independent inflaton decay con-
stant. However, we believe our conclusion will remain
same for time dependent γ, which we will study later.
Before numerical analysis, let us examine the approxi-
mate solution which has already been discussed in the
literature [11]. During the early stage of evolution, ap-
proximating ρiφe
−γt ' ρiφ, the radiation density can be
calculated as
ρfrad
ρiφ
' 2γe
−4Nre
(5− 3w)n˙re(ti)
(
e
5−3w
2 Nre − 1
)
. (14)
As has been discussed for the exactly solvable case in
eq.9, above equation also leads to a maximum radiation
temperature [11] for a given γ,
Tmaxrad '
(
392M2p (n˙
i
re)
2
(5− 3w)2pi2gre
) 1
8 √
Tre. (15)
Where, the relation Tre = 0.45 (200/gre)
1/4√
γMp has
been used. In the same way as we have discussed in
the previously discussed exactly solvable case, maximum
possible temperature could be obtained, if one identifies a
special point where two temperature meets, Tmaxrad = Tre.
Our numerical analysis also shows the maximum reheat-
ing temperature at the aforementioned special point,
Tmaxre '
(
392ρiφ
3(5− 3w)2pi2gre
) 1
4
. (16)
The maximum reheating temperature Tmaxre can also be
computed for another exactly solvable case with w = 1/3.
The corresponding result is as follows,
Tmaxrad |w= 13 '
(
30ρiφ
pi2gre
γ
4n˙i + γ
) 1
4
(17)
Tmaxre |w= 13 = limγ4n˙i T
max
rad |w= 13 =
(
30ρiφ
pi2gre
) 1
4
.
This expression is exactly the same as previously dis-
cussed case. For this special value of w = 1/3, we also
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FIG. 2: Variation of (Nre, Trad) as a function of ns have been plotted
for four different values of γ = (1013, 108, 102, 10−2)GeV. Blue, ma-
genta, red, black curves correspond to aforementioned four values of γ
respectively. Various shaded regions are explained in Fig.1. Solid and
dotted lines correspond to n = 4 and n = 2 respectively.
have exact expression for parameters (Trad, Nre) as
Trad = Gk
1−√ 4ρiφ
3M2pγ
2
ln
[
1− pi
2greG4k
32.5Vend
]− 12 .(18)
Nre =
1
2
ln
1−√ 4ρiφ
3M2pγ
2
ln
[
1− pi
2greG4k
32.5Vend
] (19)
At this point let us again emphasize the fact that as
long as we are in the perturbative regime, the relation
among the scalar spectral index ns and the reheating
temperature Tre can be understood from our detail anal-
ysis above. However, existence of maximum reheating
temperature will come if we extrapolate all our formu-
las for large Γ >
√
2ρi/(3M2p ). For low scale inflation,
Γ could always be in the perturbative regime. However,
for large scale inflation, which we will be considering the
system could be in the non-perturbative regime. The de-
tail analysis we will take up for our future publication.
To this end, we would like to point out that in the effec-
tive reheating equation of state wre description [3], the
maximum temperature can be explained in the limit of
zero reheating e-folding number Nre. Therefore, large Γ
limit in our analysis can be thought of as an equivalent
to the zero Nre limit of the previously studied reheating
constraint studies.
The main point of our is to understand the dynamics of
decaying inflaton in the reheating constraint analysis. We
think this is the appropriate procedure to understand the
relation among (Tre, ns). In the subsequent discussions,
we consider different models their predictions.
Numerical study and constraints: For general case
let us first describe the strategy of our numerical study.
We identify the inflation model dependent input param-
eters as Nk, Hk, Vend, w for a particular CMB scale k.
Given a canonical inflaton potential V (φ), the inflation-
ary efolding number Nk and Hubble constant Hk can be
expressed as
Nk '
∫ φk
φend
3
2
V (φ)
V ′(φ)
dφ ; Hk =
1
3M2p
V (φk), (20)
4were, the field values (φend, φk) are computed form the
condition of end of inflation,
(φend) =
1
2M2p
(
V ′(φend)
V (φend)
)2
= 1, (21)
and equating a particular value of scalar spectral index
with ns(φk). Therefore, we will get explicit relations be-
tween (Nk, n
k
s) and (Hk, n
k
s). The reheating parameters
Nre, Trad will implicitly depend on the scalar spectral in-
dex nks for a given scale.
Associated with each value of Trad, if we assume the
radiation domination starts at Trad, present CMB scale
eq.(6), fixes the corresponding value of the scalar spectral
index. In Trad vs ns plot we have three distinct regions.
In the high ns region, the reheating time parametrized
by Nrad is significantly small. Therefore, Tre increases
with the increasing ns through the specific function Gk
till the maximum Tmaxrad is reached. In this region, the
amount of radiation transfered is significantly small un-
less we are at the maximum reheating temperature where
instant reheating happens. In the intermediate region,
increasing Nre starts playing role and Trad decreases to-
wards reheating temperature Tre where decaying inflaton
and radiation equilibrates. We have taken four sample
values of decay constants γ = (1013, 108, 102, 10−2)GeV
and corresponding Tmaxrad = (1.6 × 1015, 9.4 × 1013, 2.9 ×
1012, 2.9 × 1011)GeV respectively. The aforementioned
equilibrium condition fixes the reheating temperature of
our universe as Trad = Tre = 0.45 (200/gre)
1/4√
γMp
Therefore, corresponding perturbative reheating temper-
atures are Tre = (1.1×1015, 8.4×1012, 8.4×109, 8.4×107)
GeV. We marked those points as black dots in fig.2. In
addition for a given γ inflaton-radiation equilibrium state
during reheating in association with the present CMB
scale corresponds to a specific value of inflationary scalar
spectral. At the equilibrium temperature perturbative
decay of inflaton is expected to be maximum and reheat-
ing is assumed to be completed. As expected after this
the radiation density falls very fast, therefore, tempera-
ture of the radiation will also fall very fast as we decrease
ns.
However, the most interesting point of our analysis is
the existence of maximum temperature in eq.15. This is
clearly seen from all the plots for different models un-
der consideration. At this temperature, the intermediate
region shrinks to zero at Tmaxrad = Tre. The interplay be-
tween the observed CMB scale and the dynamics of infla-
tion limit the aforementioned Tmaxrad = T
max
re ' 1015GeV
for all the models we have considered. It is also interest-
ing that associated with this Tmaxre , eq.6 and eq.15 pre-
dicts maximum value of scalar spectral index ns = n
max
s
and inflationary e-folding number Nmaxcmb associated with
the CMB scale. Therefore, Nmaxcmb is the maximum possi-
ble reheating e-folding number required to explain the ob-
served CMB scale assuming the perturbative reheating.
In the following discussions we consider various models,
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FIG. 3: Variation of (Nre, Trad) as a function of ns have been plotted
for f = 6Mp as solid lines and for f = 50Mp as dotted lines. Here also
we chosen four different values of γ = (1013, 108, 102, 10−2)GeV. Color
codes are same as in Fig.2.
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FIG. 4: Variation of (Nre, Trad) as a function of ns have been plotted.
Same values of γ and corresponding color code have been considered.
and study their predictions and constraints.
Chaotic [12]inflation
As has been emphasized, for the canonical inflationary
models, potential will contain all the information. For
usual chaotic inflation the potential looks like,
V (φ) =
1
2
m4−nφn. (22)
Where n = 2, 4, 6 . . . . If we consider only the absolute
value of the field, n = 3, 5, . . . can also be included. The
average equation of state of the inflaton during reheating
is taken as w = (n− 2)/(n+ 2). As has been mentioned
before, the black dots in Fig.2, correspond to reheating
temperature for different value of γ.
For n = 2 case, within the blue shaded (1σ) region of
ns, the combined effect of CMB measurement and the
inflation provide the following limit 0.960 < ns < 0.9656,
and 2 × 105 < Tre < Tmaxre ' 1015 in GeV unit. There-
fore, for n = 2 chaotic inflation, the maximum value of
scalar spectral index nmaxs = 0.9656. It is also clear from
the figure that for n = 4 or in other word if the inflaton
field behaves like a radiation during reheating, prediction
of nmaxs ' 0.946 is well outside the observed CMB limit
ns = 0.9682±0.0062 as seen in Fig.2. Therefore, all mod-
els with n = 4, 6, . . . are strongly disfavored considering
the perturbative reheating scenario.
Axion [13]inflation
The potential for the axion/natural inflation is
V (φ) = Λ4
[
1 + cos
(
φ
f
)]
. (23)
5where, (Λ, f) are the scale of inflation and axion decay
constant respectively. The CMB normalization fixes the
over all scale of inflation Λ. Therefore, by tuning f the
model can be made compatible with observation as seen
in Fig.3. Because of quadratic form of the axion poten-
tial near the minimum, we chose w = 0 in our analysis.
The over all behavior of the (Nre, Trad) in terms of ns is
similar as for the chaotic models. We have chosen two
sample values of axion decay constant f = (6, 10)Mp.
f = 6Mp is disfavored as it predicts maximum value of
nmaxs ' 0.957 which is outside the 1σ region. However
for f = 50Mp, we have 0.960 < ns < n
max
s ' 0.9682, and
2× 102 < Tre < Tmaxre ' 1015 in GeV unit. Interestingly,
nmaxs = 0.9682 turned out to be equal to the central value
of ns observed in CMB. Therefore, larger value of axion
decay constant is favored for the axion model.
Starobinski [14]/Higgs[15]inflation
Both of the inflation models are fundamentally dif-
ferent in their non-canonical form. However, after the
canonical normalization, both the models transform into
usual scalar tensor model with the same form of potential
as follows,
V (φ) = β
(
1− e−
√
2
3
φ
Mp
)2
, (24)
where the dimension full parameter β takes the following
forms,
βS =
1
4α
; βH =
λM4p
ξ2
. (25)
Prefixes, S,H stand for Starobinsky and Higgs model
respectively. The aforementioned coupling parameters
appear in the non-canonical Lagrangian are as follows,
LS =
M2p
2
RJ(1 + αRJ) + . . . (26)
LH =
M2p
2
RJ +
2ξRJ
M2p
h2 − 1
2
∂µh∂
µh− λ
4
h4 + . . . ,
where, RJ is the Ricci scalar in the Jordan frame. For
the Higgs inflation model one assumes (ξ > 1, h/Mp > 1)
during inflation. The inflaton degree of freedom φ in the
eq.24, are expressed as,
φS =
√
2
3
ln (1 + 2αRJ) ; φH =
√
2
3
ln
(
1 +
ξh2
M2p
)
,
in unit of Mp. For these system we again consider
the equation of state w = 0. In both these models
once we fix the CMB normalization, there is no free
parameter to control. Therefore, predictions for both
the models are same and quantitatively similar to the
chaotic inflation. From the Fig.4, we clearly see the
combined effect of CMB measurement and the inflation
puts following limit 0.960 < ns < n
max
s = 0.9655, and
TABLE I: Models and their predictions
Chaotic Axion(f = 50Mp) Starobinsky/Higgs
Tmaxre 1.60× 1015 2.20× 1015 1.58× 1015
nmaxs 0.96560 0.9682 0.96548
Nmaxcmb 57.6 57.2 55.8
Nre 0.30 0.32 0.34
2 × 105 < Tre < Tmaxre ' 1015 in GeV unit. In the ta-
ble I, we summarize all our important predictions for the
models we have studied.
Summary and discussion: One of the main assump-
tions of our analysis is perturbative decay of inflaton.
We have considered two different types of perturbative
decay processes. Irrespective of the different decay pro-
cesses, the important out come of our analysis is the ex-
istence of maximum reheating temperature Tmaxre ' 1015
GeV which is nearly independent of the models we have
studied. This universality is because of slow roll condi-
tion which sets the almost same boundary condition for
all the models under consideration. In association with
the maximum temperature, the relation between the ob-
served CMB scale and its horizon exit during inflation
yields a maximum possible scalar spectral index and e-
folding number (nmaxs , N
max
cmb ) during inflation, which we
have shown in the table I. Therefore, considering the ex-
plicit decay process into the analysis, the reheating has
further restricted the model parameters and even exclude
some models. For example without considering the ten-
sor spectral index, our analysis excludes power law po-
tential form with n = 4, 6 . . . .
It would be interesting to further generalize our anal-
ysis to consider other decay channels. Generalizing our
analysis for more general class of inflationary models such
as recently found α-attractor [16] could be interesting.
One of the assumptions of our analysis is time indepen-
dent w and γ. Depending upon particular model of re-
heating, γ can depend on the background time dependent
inflaton field. Therefore, most important generalization
of our analysis would be to consider time variation of
(w, γ). We will take up all these questions for our future
publications.
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